ABSTRACT Assessing pedigreed broiler lines for ascites resistance in an industry setting is time consuming. Further, the use of sibling selection implies study subjects are not used in the breeding program, and instead, siblings take their place in pedigree systems, which reduces overall genetic accuracy. The purpose of this study is to evaluate the effectiveness of prediction models produced with SNP with the goal of predicting ascites incidence. Ascites is the manifestation of a series of adverse changes in a broiler beginning with hypoxia. Increased blood pressure, accumulation of fluid in the abdominal cavity, and death can result. Ascites results in losses estimated at $100 million/year in the USA. A multi-generational genome wide association study in an unselected line maintained at the University of Arkansas since the 1990s identified chromosomal regions associated with ascites incidence in males when challenged at high altitude. From the identified regions of significance 20 SNP were selected to construct a predictive model (8 SNP on chromosome 11, and 12 SNP on chromosome Z). Ascites phenotype and genotype data were obtained for 295 male and female individuals from the REL line. Five modeling techniques were compared for their ascites predictive ability using a 70/30 split between training and validation. For both males and females, the artificial neural network model was the best fit prediction model due to the large area under the curve value of 0.997 and 0.997, respectively, as well as a low misclassification ratio of 0.027 and 0.037, respectively. Using a parameter decreasing method, the total number of SNP inputs used to construct artificial neural network (ANN) models was reduced. A 13 SNP male ANN model and an 18 SNP female ANN model were constructed with equally high levels of prediction accuracy compared with the 20 SNP input models. The construction of predictive ANN models indicates that we have found the genetic predictors to ascites outcome in male and female broilers from an elite line of the 1990s with a high level of accuracy.
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INTRODUCTION
Ascites, or pulmonary hypertension syndrome, is an accumulation of adverse physiological changes that occur in fast growing broilers (Julian and Wilson, 1992) . At the onset, oxygenation of the body is maintained through an elevation in the pulmonary arterial pressure, followed by an increase in right ventricle work load (Julian, et al. 1987; Wideman and French, 1999) . Eventually, this work load causes change in the right ventricle morphology that leads to hypertrophy and death.
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It is clear that in addition to environmental conditions, genetics plays a role in ascites incidence (Lubritz et al., 1995; Wideman and French, 1999; Wideman and French, 2000; Anthony et al., 2001; de Greef et al., 2001; Deeb et al., 2002; Pakdel et al., 2005; Pavlidis et al., 2007) . Progress in selection for ascites resistance and susceptibility is due to moderate to high heritabilities of ascites incidence, and ascites-related traits like right ventricle-to-total ventricle ratio. Moghadam et al. (2001) evaluated males of 2 breeds, White Rock and Cornish, selected over 11 generations for traits including body weight, and determined heritability values of ascites ranged from 0.22 to 0.41. Lubritz et al. (1995) calculated a heritability estimate range of 0.11 to 0.44 in 3 cold-stressed broiler lines, and heritability estimates of 0.21 to 0.27 for the right ventricle-to-total ventricle ratio in the same cold-stressed lines. To confirm ascites as a highly heritable disease, Druyan et al. (2007) was able to create an ascites-susceptible broiler line through sibling selection of birds succumbing to ascites after cold exposure. Ascites within this experimental population was determined to be high, with a value of 0.57.
Ascites incidence has been successfully reduced as a result of selection practices and through maintaining ideal flock management practices; however, it remains an economically important disease estimated to cause loss of $100 million annually (as reported in Tarrant et al., 2017) . For this reason, poultry breeding companies consistently rely on methods to induce ascites to evaluate disease incidence in genetic lines so ascites susceptible individuals can be identified and removed from the breeding population.
Current methods for assessing ascites incidence in commercial lines include evaluating ascites development during chronic high altitude challenge in a hypobaric chamber (Pavlidis et al., 2007) or through acute challenged microparticle injections (Wideman et al., 2002) . While chronic evaluations methods require the bird to be terminated after ascites susceptibility or resistance is appraised, acute evaluations consider ascites frequency at a single time point in the broiler's growth. To incorporate findings from chronic evaluations into broiler lines, sibling selection is used to integrate the genetics of ascites-resistant families into breeding schemes. Further, this method necessitates birds being raised to several weeks of age, which is both costly and time consuming.
The development of a successful prediction model to evaluate ascites susceptibility immediately post-hatch would provide a time-and cost-efficient solution useful throughout the broiler's growth phase. This method of ascites screening would also result in the smallest genetic impact to the selected line by eliminating the requirement of sacrificing the bird, and the requisite for implementing sibling selection demanded in chronic evaluations. In this study, we consider several modeling types to estimate the outcome of ascites resistance and susceptibility in pedigreed broiler lines maintained since the 1990s. 
METHODS

Bird Handling
Broilers raised straight-run for this study originated from 2 divergently selected ascites lines, and an unselected control line (REL), which all originated with an elite broiler line of the 1990s, that is maintained at the University of Arkansas under IACUC Protocol 15040. A total of 151 males and 141 females were raised, totaling 295 broilers. To determine ascites phenotype, broilers were challenged in a high-altitude environment during a 6-wk trial simulating 2,900 m above sea level. Birds were raised with ad libitum feed in 4 batteries measuring 2.4 × 3.7 × 2.4 m. Each battery contained 10 cages equipped with trough feeders and nipple waters. Temperature, ventilation, altitude, and humidity were monitored and regulated throughout the duration of the trial. Ascites incidence results are listed in Table 1 .
Genome Data
Chromosomal positions presented are relative to the December 2015 ICGSC Gallus-gallus-5.0/galGal5 (GCF 0,00002315.4) assembly.
DNA Isolation
Venous blood was collected in the amount of 20 μL into 20 μL of citrate solution for each individual. Samples were resuspended in lysis buffer (1 M Tris-HCl, pH 8.0, 5 M NaCl, 0.4 M disodium EDTA) in round bottomed centrifuge tubes. A 10% solution of SDS was added and inverted, followed by addition of 20 mg/mL of proteinase K. Samples were stored in an orbital shaker at 37
• C overnight. Sodium chloride (5 M) was added and the samples were hand shaken until a foam appearance was observed, and spun at 5,000 rpm for 15 min. Supernatant was pipetted into 15 mL centrifuge tubes with 100% ethanol and inverted. A hook made from melting the tip of a Pasteur pipette into a hook shape was used to collect the DNA, which was then rinsed in 70% ethanol. The ethanol was allowed to evaporate, and the DNA was transferred to a screw top tube containing 1 mL of TE pH 8.0. Samples were placed in an orbital shaker overnight at 37
• C until the DNA dissolved.
Genotyping
Twenty SNP were identified as regions of interest in ascites phenotype based on genome wide association Table 2 ). Twelve SNP locate in 3 regions on the Z chromosome, and the remaining 8 are from a single region on chromosome 11. Genotypes for each SNP were determined using KASP TM chemistry, a fluorescence-based end-point read PCR (Semagn et al., 2013) . The PCR conditions for all SNP were 94
• C for 15 min, 94
• C for 20 s, 65
• C for 1 min 9 times (-0.8 • C per cycle), followed by up to 35 cycles of 94
• C for 20 s, 55
• C for 1 min.
Statistical Analysis
All statistical analyses utilized JMP R Pro (v. 12.1.0; SAS Institute Inc., Cary, NC). Three subsets of SNP genotype data were created: 8 SNP on chromosome 11, 12 SNP on chromosome Z, and a combination of all SNP. The subsets of data were created to assess if the SNP chosen from either chromosome increased prediction power and accuracy, as compared to evaluating the SNP from both chromosomes. For these analyses, the 3 subsets of data were tested independently for males and females.
Initially, 5 modeling methods were compared to determine which prediction model was most effective for ascites prediction using each of the 3 datasets. The dependent categorical variables were set as the end outcome in ascites incidence (yes or no), and sexes were evaluated independently. Models evaluated included a nominal logistic regression (1), 2 gradient boosting tree methods-decision tree (2) and boosted tree (3), and 2 black box models-random bootstrap forest (4) and artificial neural network (ANN; 5). The models were constructed on the JMP R Pro v.11 platform. Each of these models allows the use of qualitative predictor variables, which for our purposes were the ability to predict ascites phenotype. The nominal logistic regression (1) was constructed with all SNP as input values used to analyze the categorical response of ascites outcome. The decision tree method (2) partitions, or splits, the data into explanatory groups to create a rooted tree until a stopping benchmark is achieved (Utgoff et al., 1997) . The groups continually split from the parent node in order to create similar categorical groupings through comparing response frequencies through a Pearson chisquare test (Ouyang, et al. 2008) . The boosted tree (3) is a summation of decision trees (Hastie, et al. 2009 ). Boosted tree specifications were set as follows: 50 layers, 3 splits of trees, a learning rate of 0.1, and a minimum split size of 5. The random forest pattern analysis was completed as a bootstrap forest (4; Breiman, 2001) . Bootstrap forest specifications were set as follows: 100 forest trees, bootstrap sample rate of 1, minimum size splits of 5, and 2,000 maximum splits per tree (Uesawa, 2016) . Artificial neural networks (5) are a black box computational method modeled from neurological connections present in the brain (Amari, 1990) . Artificial neural networks act in a similar manner and use a series of weighted connections to connect the variables being input into the system to potential outcomes through connective nodes (Spining et al., 1994; Dayhoff and DeLeo, 2001) .
To avoid overfitting and obtain the realistic statistic of accuracy for each model, 70% of the birds were randomly selected for use in training the models, and 30% were randomly selected to validate the models. Model outputs were then compared to determine the most robust and well-fitting model. Comparisons were made on evaluation of the R 2 , root mean square error (RMSE), mean absolute deviation, misclassification rate (MCR), and area under the curve (AUC) values. The MCR was calculated as the number of ascites outcome misclassified individuals divided by the total number of individuals. A nonparametric approach comparison was performed on the AUC for each model to determine if the variation seen in the AUC values reported for each model varied statistically (DeLong et al., 1988, Mandrekar and Mandrekar, 2005) . Significance level was evaluated at level of P < 0.05. Higher calculated AUC values indicate better prediction power in a model, by evaluating the ability of the model to correctly classify ascitic vs. non-ascitic chickens.
After the final model selection was made, the parameter decreasing method (PDM) was used to minimize the number of SNP variables needed for the model, while also maintaining an accurate prediction (Tomita et al., 2004) . From the 20 SNP model, the SNP contributing the least to the model was removed following Saltelli (2002) . Then, 70% of the data were trained using the 19 SNP model, and the MCR was evaluated on the validation data. This process was repeated until only 1 SNP remained in the model.
RESULTS AND CONCLUSIONS
Initial selection of SNP in this study was based on regions that indicate association with ascites outcome Three sets of SNP were used as inputs for models: SNP from both chromosomes, SNP from chromosome 11, and SNP from chromosome Z.
1 RMSE = root mean squared error. 2 MAD = mean absolute deviation. 3 MCR = misclassification rate. 4 AUC = area under the curve. 5 ANN = artificial neural network. * Means within the same column and with no common superscript differ significantly (P < 0.05).
phenotype through genome wide association studies conducted on a relaxed-selected broiler line representative of the 1990s (Tarrant et al., 2017) . The SNP span a region on the autosomal chromosome 11, and the sex chromosome Z. Female chickens, and other avian species, are hemizygotic for the Z chromosome (ZW), while males are homogametic (ZZ). The 6 SNP selected from chromosome 11 lie in, and around, cadherin 13 (Cdh13; Table 1 ). The Cdh13 gene encodes T-cadherin, which acts as an adiponectin receptor (Hug et al., 2004) . Adiponectin is a blood circulating protein, whose levels are associated with atherosclerosis, insulin resistance, and cardiovascular disease (Hotta et al., 2000; Yamauchi et al., 2003; Hashimoto et al., 2006) . Three SNP were selected from the 19 megabase pair (Mbp) region located on chromosome Z. Within this region is the 5-hydroxytryptamine (serotonin) receptor 1A (HTR1A) gene. Mice with HTR1A receptor knockouts experience an increase in heart rate and a vulnerability to cardiac death (Carnevali et al., 2012) . The SNP identified around 60 Mbp on chromosome Z is in a region that appears to have several possible contributing factors to cardiac health for an individual. The coding sequence of a member of the MADSBox transcription factors, myocyte enhancer factor 2C (Mef2c), is located around 60.25 Mbp. Mef2c is essential to the development of the right ventricle (Lin et al., 1997) . Further, varied expression in Mef2c results in attenuation of cardiac hypertrophy in mice (Pereira et al., 2009 ). MicroRNA 9-2, located on chromosome Z at 60.29 Mbp, has the capability of targeting the myocardin pathway (Wang et al., 2010) . Consequently, this pathway induces cardiac hyptertrophy in response to hypertrophic stress signals (Xing et al., 2006) . Finally, SNP chosen in the area of 80 Mbp on chromosome Z were selected in their relative location to lysyl oxidase (LOX). The LOX gene contributes to the structuring of collagen and elastin extracellular matrices during development, and LOX abnormalities contribute to the deterioration of the cardiovascular development (Mäki et al., 2002) . Model outputs using the trained data predictions were completed on the 30% of data held out for validation for both males and females is presented in Table 3 . The ANN model had the lowest MCR at 0.032, indicating that 96.8% of the male test data was accurately categorized as having ascites, or being ascites-free. Further, statistically significant variation between the modeling techniques was detected in the evaluation of AUC values. The receiver operative characteristic (ROC) curve is used as an indicator for decision performance (Woods and Bowyer, 1997) . Specifically, the ROC curve can be used to judge the predictive ability of statistical methods by quantifying the area under the ROC curve, otherwise known as AUC (Hanley and McNeil, 1982) . Using an ROC cutoff of 0.50, the ANN and boosted tree model have a significantly larger AUC compared to the logistic regression (AUC = 0.997 and AUC = 0.979, respectively). The male broiler model comparison resulted in the identification of the ANN model as the most robust model for predicting ascites incidence in male individuals based on the smallest MCR, the large AUC, as well as the R 2 value of 0.956, and the lowest RMSE at 0.127. Similar to previous studies, we found that logistic regression and decision trees did not compete well with the other modeling methods (Caruana and Niculescu-Mizil, 2006) .
Descriptive statistics on female ANN prediction models show greater robustness compared to other modeling techniques (Table 2 ). The ANN AUC value of 0.997 was significantly larger compared to all other models (P < 0.001). Further, the MCR of the validation data indicates that 96.3% of the validation dataset was accurate in predicting individuals as ascitic or non-ascitic. As seen in the male model comparison, the logistic regression and decision tree models were the least predictive of ascites outcome. Artificial neural networks are a black box computational method modeled from neurological connections present in the brain (Amari, 1990) . The effectiveness of ANNs is attributed to the superior fit of the data in a non-linear fashion and the ability of the model to learn and adapt the internal workings of the system to a fluctuating environment (Basheer and Hajmeer, 2000) .
Because the ANN considers all variables when constructing a predictive model, an effort was made to reduce the number of SNP used in the model, while attempting to maintain the level of ascites outcome predictability as indicated by the MCR (Tomita et al., 2004) . The PDM results for males and females are presented in Figures 1 and 2 , respectively. The male ANN reduced to 13 SNP maintains the same level of prediction accuracy compared to the original 20 SNP model. Predictability in the female model is maintained using an 18 SNP model. The SNP used in the 13 SNP male and 18 SNP female model are listed in Table 4 . Despite the SNP selection being completed from GWAS data collected from male broilers, when the number of SNP inputs was reduced to create a more accurate predictive model, SNP from each of the 4 regions remained in both sexes. Data on females were not used in the SNP selection process, so there was no way to determine how impactful the SNP collection would be on ascites prediction modeling. The accuracy for prediction of disease outcome for males was maintained with only 13 SNP versus the 18 required to maintain prediction accuracy in females. Through the use of PDM method, when prediction accuracy is maintained, a reduction in the number of SNP used for the ANN models translates to lower cost and time investment for data collection. These data indicate that the SNP selected for this study were particularly important in ascites association in male broilers in this line. In commercial flocks over the last 2 decades' efforts have been placed in reducing ascites through genetic selection and through regulation of environmental conditions. It is clear these methods have aided in the reduction of overall incidence, but using these tactics alone is not enough to eradicate the disease. For this reason, it is important to determine methods that can bring selection practices even closer to eliminating ascites presence in modern broilers. The use of SNP panels in predicting future ascites outcome will be useful in retaining genetic accuracy lost through sibling selection, thus contributing to a decline in ascites frequency that is currently being experienced in the poultry industry.
